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Motivation

Discovery of the 125 GeV Higgs boson h at the CERN LHC

e The Standard Model (SM) has been established
as a low-energy effective theory below O(100) GeV

Puzzles in the Higgs sector
e Guiding principle?
e Shape of the Higgs potential (multiplets, symmetries, ...)?
e Dynamics behind the electroweak symmetry breaking (EWSB)?

Phenomena beyond the SM (BSM)
e Baryon asymmetry of the Universe (BAU) o Cosmic inflation
e Existence of dark matter o Neutrino oscillations

ldea: Higgs sector = Window to New Physics
e The structure of the Higgs sector is related to BSM models
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Electroweak baryogenesis (EWBG) and Higgs
__boson couplings

Sakharov’s conditions for BAU
1. Baryon number violation 4

L Sphaleron process
2. Violation of C and CP

L Extended Higgs sector

Tunn

3. Departure from thermal equilibrium .
L Strongly first order phase transition

(15t OPT):(,OC/TC > |
Potential

SM Higgs sector w/ one doublet: barrier

True vacuum

o Electroweak phase transition (EWPT) is NOT of 18t
order for mj, = 125 GeV

EWBG is an important physics case relating the Higgs sector to

BSM phenomena
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Strongly 15t OPT and Higgs boson couplings

Models with extended Higgs sector

o 15t OPT can be easily realized
e Signatures are testable at colliders

600}

e.g. Two Higgs doublet model (2HDM)500§
e Condition for strongly 15t OPT: :
p/Te 21 >

© 300

w» Large deviation in the triple £}

Higgs boson coupling : .
A /AN 210 100} o = = ma = |
(AX i/ Annn 2 107%) : 4 ";‘i’;l(ﬂ_mﬂan[,:l_:

EWBG can be tested at future colliders  ° > IOOM[ISSV]”O 250 300

o International Linear Collider (ILC) 1 TeV (Kanemura, Okada,
w/ L =5 ab~! can measure A;;, at 10% Senaha (2005)]
accuracy [Fujii et al. (2015)]

March 8, 2017 Mitsuru KAKIZAKI 5




Gravitational waves (GWs) as a probe of EWPT

Ground-based interferometers (aLIGO, KAGRA, aVirgo)
o Targets: GWs from binary systems, supernovae, ...

e aLIGO made the first direct observation of GWs

= New era of GW astronomy

Future space-based interferometers (LISA, DECIGO)

o Sensitive to GWs from the early Universe
(Strongly 15t OPT, cosmic inflation, ...)

W New era for fundamental physics

Goal:
o To investigate testability of models of EWSB

—EEy—

[LIGO and Virgo (2016)]

BAU

BSM

Higgs sgctor

@ GWs

using the synergy between the measurements of the GWs,
Higgs boson couplings K x and the hhh coupling
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Studies on the GWs from 1st order EWPT

Model independent analysis
[Grojean, Servant (2007); Kikuta, Kohri, So (2014), ...]

Higgs potential with higher order operators
[Delaunay, Grojean, Wells (2008); Huang, Wan, Wang, Cai, Zhang (2016), ...]

Non-decoupling loop effects from hypothetical particles

o Additional (Higgs) scalar loop effects
[MK, Kanemura, Matsui (2015); Hashino, MK, Kanemura, Matsui (2016),
Dorsch, Huber, Konstandin, No (2016), ...]

o Light stop loop effects in the MSSM n.b. Light stops are
[Apreda, Maggiore, Nicolis, Riotto (2002), ...] excluded by LHC

Non-thermal effects even at the tree level

e Real singlet extension [Ashoorioon, Konstandin (2009);
Huang, Long, Wang (2016); Hashino, MK, Kanemura Ko, Matsui (2016), ....]

e Next-to-MSSM [Apreda, Maggiore, Nicolis, Riotto (2002),
Huber, Konstanding (2007); Huber, Konstandin, Nardini, Rues (2015), ...]
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Model A: Models with additional singlet scalars (without CSl)

ldea: [MK, Kanemura, Matsui (2015)]
o To generally handle strongly 1st OPT via thermal loop,
N isosinglet scalars S; (i =1,---, N) are introduced
e For simplicity, O(IN) symmetry is imposed
Tree-level scalar potential: v;(®, 5) = Vau(®) + %@2 + %S|§\4 n L‘;S|¢>|2|§\2

. SMmE = u2 -+ 2 ?
Singlet scalar boson mass: m2 = ;2 *;S

6001 ™.

Triple Higgs boson coupling: :
)‘O(N)_Bm,?l 1 my LN me (1_ u%)s S00r ]
hhh "y m2v2m? | 1272 v2mj m% _ 400l !
. : .7 :
Finite temperature effective potential & , | :
(high temperature expansion): SR _
ool ]
Vialo. T) = D(T? = T)g? — ETg? + Lt 290 :
Pe - ) _ ]
i XE = 12;3 {Gmfy + 3m3 + Nm (1 _:TS;) (1+ ;:2%)}100 ) ]
Non decoupling loop effect from additional scalars 7 4 12 24 6'(-)
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Model B: CSI models with additional singlet scalars

|dea [Hashino, Kanemura, Orikasa (2015)]

o Mass parameters are absent in the original Lagrangian
due to Classical Scale Invariance (CSl) [Bardeen (1995)]
o EWSB is directly caused by thermal loop effects

Tree-level scalar potential 0./,
. \ \g = \os . e
Vo(®,5) = 5|@* + =S| + —=|[*[S°  soof&a\
2 4 2 LN,
_ 500f BN
Singlet scalar boson mass 0 X \%A
T 4 o ¢ y . % | i 20 2 = %
Nm$§ = 8n%v*m3 — 6myy, — 3m% + 12m} S 300] ) S Rse,
Triple Higgs boson coupling | 4 _
AXbhh Ahhh 2 —)
ASM(tree) = )\S.\v‘l(tree) — 1= 3 Independent of N 100r :
hhh hhh ol . L h
[Hashino, Kanemura, Orikasa (2015)] 1 4 12 24 60
N

| [Hashino, MK, Kanemura,
March 8, 2017 Mitsuru KAKIZAKI Matsui (201 5)] 10



Model C: Higgs singlet model

ldea [Hashino, MK, Kanemura, Ko, Matsui (2016)]

e To investigate strongly 15t OPT and Higgs couplings induced
through Higgs field mixing (at least 2 classical fields needed)

o For simplicity, we introduce a singlet Higgs field S

Tree-level Higgs potential
A As
Vo = —p3|®* + \a|®[* +y¢s|¢>|‘25+§|¢|959 SS+—SS~ pHsgay As g

2 3 1
0
(@) = (Lm ) : SM Higgs doublet (S) = @5 : Higgs singlet
P

Effective potential:

M2(pg, ¢ —cg=5/6

V(e 05) = Vilow,e5) + M (s, ps) (mMleges) ) er=cs b /

=

Higgs boson masses and mlxmg
my, (= 125 GeV) : Mass of the discovered Higgs boson
My . Mass of the additional Higgs boson @ : Higgs mixing angle
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Model C: Higgs Singlet Model (contd.) ’:

. _ : oo — _Inxx T
Higgs boson couplings to SM particles »x = ~~*7 B

X
K = Ky = Kp = cosf X : SM particle

Triple Higgs boson couplings (effective potential approach)

HSM __ \SM
AN, — Ahkh. — Ahhh s 3m} Omn; ms
hhh = S MM 2 hfp _—h Nyt
A hhah 307222 o2
hhh 'Uq:. m 'U‘b =W Z.th 1 m mhvd,

Vot 7 OV~ Vot r— V-
HSM _ 3 eff T=0 9 eff, T=0 9 eff, T=0 3 eff, T=0
A = < ] > s < 8305 > s < Dpa00% > T < 0% >

Finite temperature effective potential in one direction
(high temperature expansion)
Vig = D(T? — T3)p? — (ET — e)¢® + AT)

— 1
Pe eA A

2F
- Tc — T(l ~ET - Effects from the Higgs boson mixing

The Higgs boson mixing gives considerable contributions to

deviation in the Higgs boson couplings and to phase transition
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Important quantities for GW spectrum

Sources of GWs
3. Plasma turbulence
e GW spectrum is derived from
Bubble nucleation rate per unit volume per unit time:
D(t) = To(t) expl~Sp(t)]  Su(T) = SuT)/T 2= [ &r | 5T + Vilin T

1. Collision of bubble walls
(¢)=0 ‘ 2. Compression wave of plasma
& -
‘ -0 B finite temperature effective
<¢> <¢> =9 potential V g
Transition temperature T, : EIE Y pm
T=T, T, B
Released false vacuum energy (Latent heat)

: e(T;
e(T) = —Veg(op(T),T) +T3%H(¢82£T),T) Normalized parameter: |a = pra(d(%)
Inverse of the duration of phase transition p
g—_ e 1d Normalized parameter:|58 = A
dt |,_, — Tdt t

March 8, 2017 t=tt  Mitsuru KAKIZAKI 14



GW spectrum

o Complicated numerical simulations are necessary
e Approximate fitting formula are available  [caprini et al. (2015)]

Collision of bubble walls (Envelope approximation):

O : 4 O '.’3 -~ -y 2 00 1/3
Qenvh2 ~ 1.67 x 1077 x Ll . 8—2 Ko 1
0424 v, /) 1+ o gt

~ : 0.62 - Ti
v =~ 1.65 x 1075 Hz x )/ :
8 ’ (1.8 — 0105 + ug) B (100 Ge\")

Sound waves (Compression waves of thermal plasma):

) 2 1/3 .
~ . . 100 . . 1 - T,
Qo h? ~ 2.65 x 10 8,371 e ) ( ) w2~ 1.9 x 10 Hz—/ —
%P (l + gt f % l-vbd 100 GeV

Magnetohydrodynamic (MHD) turbulence:
i 3/2 1/3
~ 2 4 p-1 [ EF 100 - . & 1 - T,
Quurbh” =~ 3.35 x 10", 3 <1 n a) ( " ) frurb >~ 2.7 x 10 HZ;_B (W)
o Uy : wall velocity e Rgp, Ky and € = 0.05: efficiency factors
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Model A: GW spectrum in O(/N) models without CSI

(=3 S
. . 10-3
Contribution to GWs /— DEC G@
Wall collision: W,z Y2005, N iy = 2 eV
. e o
e Sound wave: —_ -
e MHD Turbulence: ---- 1079+ <
. -
e Benchmark points: ‘1;; 10-2 | < /
AXpnn/Xohh = 2/3 & /
N =1,4,12,60 from the bottom 10-" -
[Hashino, MK, Kanemura, Matsui (2016)] g 7
Experimental prospects: 107} 7
o LISA (C1-C4) ) 7 falon
[Caprini et al. (2015)] 107 0-5 16-3 16-1 10
e DECIGO (Pre, FP, Correlation)
[Kawamura et al. (2011)] Frequency [Hz]

GWs from 1st order EWPT in O(N) models are detectable
at future space-based interferometers, LISA and DECIGO
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Model A: Predicted values of & and B

March 8, 2017

Mitsuru KAKIZAKI

Pe
e — 1
. AT
o Condition for strongly 15t OPT 105 g .
w) Constraints on « 4 =0
2 Sl 135 ms[GeV] =98
and 3 for each model 10 AT U-DECIGO
[MK, Kanemura, Matsui (2015)] s N NN g,
104 415 N\ e
. \ O\ B\ / DECIGO/BBO
@ and 0 to be determined = PN\
by GW observation are useful 103}  ssox
. C 560%
In determining model parameters, v&"\zg%\ 250 13&,4—
m 20 .
suchas N and s 10 s72? 461 308 22 / CLISA
0.1;: f |
n.b.: The experimental prospects are 10} “— P e 3
estimated based on the traditional 10 10 10 10
GW spectrum L _ 4 @
H4
[See e.g. Grojean, Servant (2007)] T=T, [MK, Kanemura,

Matsui (2015)]



Testability of models with additional singlet

— scalars with and without CSI
104
o What if the hhh coupling
Is found to be
A)‘hhh/)‘hhh = 2/3(~ 70%)
at future colliders?

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
"
*

e
s
Py}
s
s
e
-----
.
e
e
s
e
s

c1C2 cC3 . Cc4

sw (T;= 50GeV, v,=0.95) ¥

: : 102 . I ; -
[Hashino, MK, Kanemura, Matsui (2016)] 10-2 10_ 100 10

Models with and without CSI can be distinguished at future GW

interferometers even if they share common /,/,/, coupling
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Model C: Predicted values of & and B in the HSM

Numerical results based on the two-field analysis

e Benchmark point

vg |GeV]|vg [GeV]|my, [GeV]|pgs [GeV]

ps [GeV]

ps [GeVl]|my [GeV]

6 [degrees]

246.2 90 125.5 —80

—30

0 [ [160, 240]

(—45, 0]

o Condition for strongly 1st OPT 10°
ww) Constraints on a& 3

5
[Hashino, MK, Kanemura, Ko, Matsui (2016)]10
Implemented into CosmoTransitions

(mu[GeV], - 8[degrees]) =
1G9
. (220, 27) DECT e
(200, 24), .~ Pc/Tc=1.0
\ -

-~
(240, 28)

atio”

i c'uster

[Wainwright (2012)]10*
Prospects of future exps. Q.
e eLISA (C1-C4): [Caprini et al. (2015)]

e DECIGO (Pre, 1 cluster, Correlation)
[Kawamura et al. (2011)]

i A
(180,19

_ /'X
(160, 6.1)
(160, 6.7)»>. ©

102_

10°

e
-
-
-

N\, 27(200, 33)

vs =00GeV, yg=0GeV, yps =-80GCeV, pug'=-30GCeV
sW (lfg =50GeV, vp = 0.195)

1072 107"
a

4

10’

Mitsuru KAKIZAKI

10° 10’
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Model C: Synergy of measurements of various

— Higgs boson couglings and GWs in the HSM

[Hashino, MK, Kanemura, 1.00 F 2 o200ev. e 200aV. b = 800GV, wa's—30GeV"
Ko, Matsui (2016)] N B =10 %
Collider experiments 095
e LHC Run | results '
Ky = 1037011, ky = 0917055 [N
[ATLAS, CMS (2016)] o 0-907
e HL-LHC j
v 2% [CMS (2013)] 0‘85 :_0 DECIGOconeIa;:ion
e ILCW/ +/s=500 GeV | @ 6LISA C1
. . | @ eLISA C2
Rz 03T% iy 1 0.51% oo lavsne :
o ILC W/ \/g — 1 TeV :l. _LIE k:.:l | | --l---.- ...... | ".:"T. ‘ :
AXppn  10% 160 180 200 220 240
[Fuijii et al. (2015)] mu[GeV]

The synergy between the Higgs boson coupling measurements

and GW observations is important for the HSM Higgs potentia

March 8, 2017 Mitsuru KAKIZAKI
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Summary

o Models with additional singlet scalars
with and W|thout CSI

10%

09o123d
_ uopejpuo)

. 103}

1072

eLISA

102 sw (T;=

f /’"
f
|

wsnpP L /S

\01 ?2 C3
50 QeV, Vp
107"

c4
= 0.95)

)
-
@

10°

10"

b4

e Higgs singlet model
1.00F

vs = 90 GQV ys 0 GoV pos = -80 GoV ps = -30 GoV

=10%

095

0.90}

0.85/

| ® DECIGO correlation
- @ eLISA C1
" @ eLISAC2

0.80 | '®cLsacs

160 180 200 220 240
my[GeV]

e The strongly 1stOPT of the EWSB in extended Higgs sectors
can be tested by the synergy of the measurements of Higgs

boson couplings k y at the LHC, the hhh coupling at the ILC
and GWs at future space-based interferometers

March 8, 2017
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Electroweak baryogenesis (EWBG) and Higgs boson
couplings

(== i
Sakharov’s conditions for BAU
1. Baryon number violation Sphaleron

2. C and CP violation Extended Higgs sector

3. Departure from thermal equilibrium .
Strongly first order phase transition

(1tOPT): 0, /T, > 1 |

SM Higgs sector w/ one doublet: Potential barrier True vacuum
Electroweak phase transition (EWPT). oot '
is NOT of 1st order for mp =125 GeV
e.g. Two Higgs doublet model (2HDM) _ , !

400}

M > [
0o /T. 2 1wy ANypn /Nty 2 10% 3 300k
[Kanemura, Okada, Senaha (2005)]F |

EWBG can be tested at future colliders 2%}

o International Linear Collider (ILC) 1 TeV 100;

can measure A, at 10% accuracy of '
0 50 100 150 200 22549 300

March 8, 2017 [FU]II et al. (201 5)] Mitsuru KAKIZAKI M[GeV]




Sketch of first order phase transition

(=3
Effective potential at one-loop level: 1st OPT
2, A
Vea(w) = —%v +Z " 4
Y M(p) 3 Quantum
+264 M (e (ln Q? 2 tunneling

Contribution at finite-temperatures:

T | ~— 0. = ol T
T M £ S
i=bosons i=fermions )
9 x* 2 —Vzita 2 M?( T
IB/F(a“) = A d,.'E;LT- ln (1 Fe + ) a: = % Potentlal
High-temperature expansion: barrer  rrue vacuum
Vg(p, T) =~ D( 2—7§)¢2—ET¢3+/\TT¢‘+"' p/Te x E
4 2 a?
In(a®) = — 2 + T 2 _ T 232 _ @ (111——32) ‘
B(a") =~ + 357 — (@) — 53 /2) +0O) Bosonic loop contribute
In(a )_,_ﬁ_ﬂ_az_a_d 111“—2—3/2 + O(d) to the cubic term

360 24 32

Strongly 1t OPT (¢, /T. >

)can be achieved by adding bosons

Necessary for successful electroweak baryogenesis

March 8, 2017 Mitsuru KAKIZAKI
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Gravitational waves

Properties of gravitational waves

o GWs propagate at the speed of light

o GWs are transverse to the direction of propagation

e Spin 2

e 2 polarization modes: Plus mode h+ & Cross mode hx
Weak-field approximation:

e Metric close to flat: g,,(x) =n,, +h,(x) |}k

Linearlized Einstein eq. in vacuum:p, . — 0 Wave eq.!
Interactions of gravitational waves
e Reactionrate: I =nov n~T o~GT’=

| K1

M,
. . 2
e Expansion rate of the Universe: g .1

M
1" T3 Pl
vl GWs decouple below the Planck scale M,
Pl

GWs convey information on the time when produced
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Relic gravitational waves

Characteristics of relic gravitational waves

e Isotropic o Static o Unpolarized
Relic GWs are characterized only by frequency
Energy density of relic gravitational waves
1 . .
Pow = m<h'ijh'ij)

o Normalized Energy density per unit
logarithmic interval of frequency f

1 dpow 3H2
) s = GW =200 A .
aw (f) p.dln f Pe =200 : Critical density

March 8, 2017 Mitsuru KAKIZAKI 27



Typical frequency of relic gravitational waves

Gravitational waves produced with frequency f,, abundance Q.

are red-shifted due to the expansion of the Universe

e Frequency and energy density scale as f ! PaW X 1
a

4
. a
o Conservation of entropy: sa® = const.

(1l : scale factor

Red-shifted GW relic abundance observed today:
100

1/3

Red-shifted typical frequency observed today:

;N\ 1/6 T f
~ 1.7x 1075 [ 2= ' t H
o 8 (100) (100 Gev) H

For typical electroweak phase transition:
T, ~ 100 GeV f,/H, ~10° — 10 fo~1073 - 107! Hz

Range for future space-based interferometers
March 8, 2017 Mitsuru KAKIZAKI 28



Efficiency factor

00—

0.5
=
X _

S 1.0t
(@) i ‘,,.-'"'
@) /
3 .

‘—'1 .5 B ,l"ll

0.0 0.2 0.4 0.6 0.8 1.0

[Espinosa et al. (2010)]
Vb

Mitsuru KAKIZAKI
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Models with additional singlet scalars (without CSl) (contd.)

o Effective potential: [MK, Kanemura, Matsui (2015)]

2 A ng M2(p) 3
Valo) =50+ 361+ 2 griaMie) (m 252 - 7)

3 ]
_—) N = 3mj, {1_ L mi N m§ (1_ﬁ) } Non decoupling loop effect
from additional scalars

T2 v2m?2 2 2m2 2
v mvimy 1272 vemy, mg

o Finite temperature effective potential . [ ™. "
(high temperature expansion):

M 500F S
Ver(p, T) = D(T* = T3)¢* = ET9* + —=" + - -
— 400F
&OCE—L 6me, + 3my + Nm 1—#—% 3 1+3L§ %
TC T 12703 " o S m% 2m?, ) 300L
A
S -

Non decoupling loop effect 5ol
from additional scalars

mmd Typically O(10)% deviation 190
in A, for strongly 1st OPT L
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Benchmark points

e O(N) models without CSI:

pg =0
N 1 4 12 60
ms 540 GeV 382 GeV 290 GeV 194 GeV
oc/Te, Tel| 201, 102GeV 2.40, 90.1GeV 2.91, 76.8 GeV 4.11, 56.1 GeV
(o, B), T2 [|(0.0593, 1320), 88.5 GeV/|(0.120, 956), 74.3 GeV|(0.273, 705), 59.7 GeV|(1.33, 438), 38.4 GeV

\/ s = 100 GeV

(VHZ, N) (0GeV, 1) (0GeV, 4) (0GeV, 12) (0GeV, 60)
ms 510 GeV 361 GeV 274 GeV 183 GeV
@e/Te, T 1.62, 119 GeV 2.03, 102GeV 2.54, 85.6 GeV 3.65, 61.5GeV
(a, B), T: [[(0.0303, 3320), 111 GeV |(0.0695, 2180), 92.5GeV [(0.164, 1600), 74.8 GeV|(0.739, 1090), 50.3 GeV

e CSI O(N) models:

(\/;_t%_, N) (100GeV, 1) (100 GeV, 4) (100 GeV, 12) (100 GeV, 60)

ms 524 GeV 380 GeV 299 GeV 219 GeV
Ye/Te, Tt 1.56, 121 GeV 1.89, 106 GeV 2.25, 92.1 GeV 2.89, 71.6 GeV
(Q,B), T; |[(0.0272, 4380), 115GeV|[(0.0552, 3480), 99.5GeV|(0.111, 3210), 85.7GeV|(0.334, 4082), 67.2GeV

March 8, 2017
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GW spectrum in CSl O(N) models

— 3
. 1073 ————————— -
e Contribution to GWs: AN, 21 v, = 0.95 EC'@d
. iSion: e 6/ .
Collision: 10 LISA
e Sound wave: _— .- |
e MHD Turbulence: ---- 107°} <
o Benchmark points: (Eg 10-12 '
O
N =1,4,12,60 c ,
from the bottom 107 °} W
[Hashino, MK, Kanemura, ~ N
Matsui (2016)] 1077 7 ~ \
. ] . 7 ) ~ NN ~
o EXxperimental prospects: ‘7, A R

| - 10741 Lo - “
o LISA: [Caprini et al. (2015)] 10° 10°2% 10" 10’
e DECIGO: [Kawamura et al. (2011)] Frequency [Hz]

e Contribution from sound waves is dominant and detectable
at future space-based interferometers, LISA and DECIGO
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Model A vs. Model B: Predicted values of & and B

_in models with singlet scalars with and without CSI

e Condition for strongly 15t OPT

[See Hashino’s poster]

ww) Constraints on « 10° -
and 3 for each model st =1
O(N) models without CSI . - O(N) models
e @ and /3 to be determined 107} o, Without G515
by GW observation are ]
useful measures in Q. ]
ini 10°} CS |
determining N and mg O(N) m ren
CSI| O(N) models .
e Scale invariance is violated 102} i 80
at finite temperatures = 1":) = T
m=) @ and §dependon N .

though A, ,;, iIs common

Mitsuru KAKIZAKI
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Matsui (2016)] 33
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Comparison of GW spectra

e CSI O(N)
models

e O(N) models
107}

without CSI

Vrs=0
K
=
g

March 8, 2017

-3

10°°

107 107"
Frequency [Hz]

107

AN,21 v, =0.95, v us?=0CeV _ 7
<y4
S~ 7

10" 10’

107°
Frequency [Hz]

itsuru KAKIZA

1077

Uy = 0.2

wv21 v, =0.20

102 10"
Frequency [Hz]

10

g‘vk“ vy = 0.20, ‘J ps? =0 GeV —d

K

10° 107
Frequency [Hz]

fo*

[Hashino, MK,
Kanemura,
Matsui (2016)]

N.B.

subsonic wall
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GW spectrum for v, = 1

Case of accelerating wall: ,
10°
e Forlarge (x, the bubble wall

can accelerate without
reaching a terminal velocity

- 107}
Contribution to GWs: o~
e Collision: @ = eeeeeeeen (;D 10-12
e Sound wave: —C
e MHD Turbulence: ---- 10'15
e Benchmark points: 10-18!
N = 4,12, 60
from the bottom 10-21

[Hashino, MK, Kanemura,
Matsui (2016)]
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Transition temperature and wall velocity

— deEendence of detectabilitx of GWs
= 0.2
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Predicted values of & and 3

Numerical results based on the two-field analysis
e Benchmark point

vg [GeV]|vg [GeV]|my, [GeV]|pgs [GeV]| s [GeV]|ps [GeV]|my [GeV]|8 [degrees]
246.2 90 125.5 —80 —30 0 [ [160, 240]| [—45, O]

o Condition for strongly 15t OPT 10° [~ ardearecs]) =

: ~ 0 on
clGY oiath
—y Cons.tralnts on a& 3 (05| (220,27 D% cor®
[Hashino, MK, Kanemura, (200, 24), Pl Te=1.0 ;
Ko, Matsui (2016)] A\ (240,28) cluste

Prospects of future interferometers 10* g0,

o LISA(C1, C2, C3, C4): 'Q .
. 3| '
[Caprini et al. (2015)] | 10 (160 /6‘1) /; NP
e DECIGO (Pre, 1 cluster, Correlation) 160. 6.7 s :
[Kawamura et al. (2011)] 102_( . R . \ / oL |
vs =90 GeV, ug=0GeV, yps =-80GeV, ug'=-30CeV |
101 sw (T¢ =50GeV, v = 0.95) |

102 107 10° 10
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Landau pole in CSI model

e Large scalar couplings at the EW scale

w=» |Landau pole near the EW scale

N K 4 12 60

Q 381 GeV[257 GeV[188 GeV][119 GeV
AQg=0) [54TeV][17TeV [28TeV [ 33 TeV
A(/\S—Ol) 5.3 TeV [ 16 TeV [ 23 TeV [ 13 TeV
Ahg=02)[52TeV | 15TeV [ 19TeV [ 5.4 TeV
A(Ag =0.3)[5.0TeV [ 14 TeV [ 15 TeV [2.7 TeV

[Hashino, MK, Kanemura, Matsui (2016)]
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LISA design

[Caprini et al (2015)]
Name Cl1 C2 C3 C4
Full name N2A5M5L6 | N2A1IM5L6 | N2A2M5L4 | N1A1M2L4
# links 6 6 4 4
Arm length [km] 5M 1M 2M 1M
Duration [years] 5 5 5 2
Noise level N2 N2 N2 N1

March 8, 2017

Mitsuru KAKIZAKI
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Indirect detection of gravitational waves

o Effects of gravitational waves have been observed

. i.illll L I T T [ | L
e In 1976, Hulse and Taylor ET :
discovered the binary pulsar = [ -
(neutron star) PSR 1913+16 = ~°F E
5 15[ E
e The orbit is contracting 520 E
. . 4= N enera elativity prediction ]
due to the emission s F E
of gravitations waves g f -
E -30 = \ =
L \ -
1993 Nobel prize T X

— 40 | I | I | | L 111 I | | |

1975 1980 1985 1990 1995 2000 2005
Year

[Taylor,Weisberg(2004)]
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